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Abstract The very shallow part of subduction megathrusts occasionally hosts tsu-
nami earthquakes, with unusually slow rupture propagation. The aftershock sequence of
the 2010Mw 8.8 Maule earthquake, offshore Chile, provides us with the opportunity to
study systematic changes in source properties for smaller earthquakes within a single
segment of a subduction zone. We invert amplitude spectra for double-couple moment
tensors and centroid depths of 71 aftershocks of the Maule earthquake down to mag-
nitudesMw 4.0. In addition, we also derive average source durations. We find that shal-
lower earthquakes tend to have longer normalized source durations on average, similar
to the pattern observed previously for larger magnitude events. This depth dependence is
observable for thrust and normal earthquakes. The normalized source durations of nor-
mal-faulting earthquakes are at the lower end of those for thrust earthquakes, probably
because of the higher stress drops of intraplate earthquakes compared to interplate earth-
quakes. We suggest from the similarity of the depth dependence of normal and thrust
events and between smaller and larger magnitude earthquakes that the depth-dependent
variation of rigidity, rather than frictional conditional stability at the plate interface, is
primarily responsible for the observed pattern. Tsunami earthquakes probably require
both low rigidity and conditionally stable frictional conditions; the presence of long-
duration moderate-magnitude events is therefore a helpful but not sufficient indicator
for areas at risk of tsunami earthquakes.
Online Material: Table of earthquake inversion results for the 2010Mw 8.8 Maule,
Chile, aftershock sequence.
Introduction
Convergent plate boundaries, where oceanic plates sub-
duct into the mantle along shallow dipping megathrust faults,
are the regions where the largest earthquakes occur. The ma-
jority of such events show thrust-faulting characteristics on the
interplate megathrust, and the depth of plate interface seismic-
ity is mostly limited to less than 50 km (Bilek et al., 2004).
Because much of the subduction megathrust is usually off-
shore and thrust earthquakes cause vertical displacement at
the surface, great subduction earthquakes often cause large
tsunamis and are then referred to as tsunamigenic. For most
earthquakes, seismologically determined slip models provide
a reasonable prediction of tsunami heights. The seismic mo-
ment provides a reasonable guide to expected tsunami heights,
when the location and approximate focal mechanism are
known. For rare earthquakes, the relationship between seismic
moment and tsunami size does not hold true, and the triggered
tsunami is surprisingly large. Such earthquakes are known as
tsunami earthquakes and are defined by their long rupture
duration, low excitation of higher frequencies, and a tsunami
disproportionately large for the given moment magnitude (Ka-
namori, 1972). Tsunami earthquakes have been documented
in Japan (1896), Alaska (1946), the Kuril Islands (1963, 1975),
Nicaragua (1992), Peru (1960, 1996), Java (1994, 2006), and
Sumatra (1907, 2010).
Almost exclusively, tsunami earthquakes had their most
significant rupture close to the trench. Therefore, most ex-
planations invoke earthquake rupture along the very shallow
part of the subduction interface and at least partially at the
interface to unconsolidated sediments within the accretion-
ary prism (e.g., Bilek et al., 2004; Collings et al., 2012;
Lay et al., 2012). Several effects in this environment contrib-
ute to the underestimation of the tsunami by seismological
means. First of all, seismic observations are only able to infer
the release of seismic moment M0. This is then converted to
an estimate of the displacement along the fault, d, according*Also at Freie Universität Berlin, Berlin, Germany.
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to where A is the area of a fault or fault patch with uniform
slip, mostly assuming a standard value for the rigidity μ
appropriate for continental crust. Because the rigidity in the
accretionary wedge is presumably much lower (e.g., for the
offshore central Chile refraction profile presented by Mos-
coso et al., 2011), a given moment will translate into a much
larger displacement along the fault, and thus a larger seafloor
displacement and a larger tsunami. Furthermore, the coastal
amplification effect is more pronounced if the seafloor dis-
placement occurs in deep water, such as found above the
lower forearc or accretionary wedge slope just landward of
the trench, for example. The near-trench location of tsunami
earthquakes thus exacerbates their severity. A final influence
is exerted by the frictional properties of the plate interface.
Because of the relatively low confining pressures and pos-
sibly the availability of free water from mineral dehydration
reactions in the sediment package, the shallow part of the
plate interface might be within a conditionally stable fric-
tional regime, where ruptures cannot nucleate but can propa-
gate if sufficiently perturbed (e.g., Scholz, 2002). Rupture
within this regime might progress reluctantly, resulting in
slow rupture propagation and thus the long rupture duration
and deficiency in high frequencies characteristic of tsunami
earthquakes. This results in reduced body-wave (Mb) and
surface-wave magnitudes (Ms) compared to their moment
magnitudes (Mw) (Ammon et al., 2006). Furthermore, the
deficiency in radiated high frequencies and the distance to
the coast results in low perceived levels of shaking.
Modern seismological instruments and processing meth-
ods allow the recovery of the long-period part of the spec-
trum and are therefore able to avoid this limitation; however,
in the context of tsunami early warning, there might be in-
sufficient time available to properly record long-period
phases such as the W phase (Duputel et al., 2012).
If the conditions above are needed for tsunami events,
then the smaller magnitude earthquakes within the same
subduction segment might also have unusually long relative
source durations, similar to those of their stronger neighbors
that caused tsunamis. For simple ruptures, either unilateral or
circular, the rupture duration τ is proportional to the fault
dimension L divided by the rupture velocity vr and T ∝
L=vr. The stress drop Δσ is given by Δσ ∝ μd=L. Com-
bining these expressions with the moment equation given
above results in a simple relationship between τ and moment,
M0  CΔσv3r τ3; 1
in which C is a dimensionless constant near unity reflecting the
detailed geometry of the rupture and details of the rupture
propagation (e.g., unilateral versus circular). Dividing observed
source durations by the cube root ofM0 (Houston et al., 1998),
one obtains normalized source durations (NSDs) for which the
variation reflects variability in the stress drop and rupture veloc-
ity (Bilek and Lay, 1999). For circum-Pacific subduction zone
thrust earthquakes, Bilek and Lay (1999) showed that depth
and NSD are anticorrelated, such that shallow earthquakes
(<15 km depth) have longer NSDs. Using subsets from dif-
ferent subduction zones, Bilek et al. (2004) added to the ear-
lier database and observed strong regional differences.
Events along the forearcs of Alaska, Mexico, and Peru show
clear depth dependence of NSD, whereas events in Java and
Japan show little or no depth dependence of the NSD.
The rupture velocity vr itself is often thought to be a
fixed fraction f (∼0:8) of the shear-wave velocity VS, that
is, vr  fVS. In turn, VS depends on the rigidity and density
of the material surrounding the fault. Assuming the density is
approximately fixed, Bilek and Lay (1999) argued that this
pattern in source durations is primarily a result of the varia-
tion in rigidity. The alternative end member model of a varia-
tion in stress drop was also considered by Bilek and Lay
(1999), but judged to be less important based on the inde-
pendent evidence from structural studies for low shear veloc-
ities in the shallow parts of subduction zones.
In later articles, the same group still identified the rup-
ture velocity as the controlling factor but now argued that the
rupture process itself was different from deeper megathrust
earthquakes for both tsunami earthquakes and the more mod-
erately sized but still large earthquakes they studied, attrib-
uting this to the conditionally stable regime along the
shallow plate interface, which was envisaged to be a patch-
work of small, stronger, frictionally unstable asperities em-
bedded in a conditionally stable or even frictionally stable
(i.e., aseismic) background (Bilek and Lay, 2002). Although
they did not state this explicitly, they now essentially argued
that the long durations are partially or mostly attributable to a
much lower ratio f than the usual 80%. Such exceptional
slow rupture propagation is certainly highly plausible for
some tsunami earthquakes, such as the 2010 Mentawai event
(Newman et al., 2011), for which the extreme rupture dura-
tion between 60 and 125 s for a length of ∼50 km would
require unrealistically low shear velocities of less than
1 km=s if f is assumed to be 80%. However, it is hard to
apply this reasoning to events with Mw <∼7, because the
rupture length is not known independently for them.
The longer NSD and conditionally stable frictional re-
gime at shallow depths was suggested to be a combination
of a variety of features and processes, such as fluid flow, ther-
mal structure, and sediment deformation mechanisms (Bilek
et al., 2004). Because, in the conditionally stable regime,
continued rupture requires a sufficiently large jolt to get
started, one might expect that the propagation here can only
be achieved by large earthquakes.
The previous studies mainly focused on moderate-to-
strong plate interface earthquakes (e.g., with seismic moment
above 1017 N·m, Mw >5:3). In this study, we extend the
magnitude range for the evaluation of the correlation among
source parameters by including weaker events down to
Mw 4, focusing on the subduction segment sampled by the
aftershock series of the Maule 2010 earthquake, and making
use of a dense deployment of over 130 broadband stations in
this area to determine whether these events also follow the
pattern identified by Bilek et al. (2004). Also, we do not limit
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our study to plate interface events, but examine all types of
focal mechanisms.
The Maule 2010 Earthquake and Its Tectonic Setting
The 2010 Maule, Chile, earthquake is the sixth largest
earthquake recorded instrumentally. The Global Centroid
Moment Tensor (Global CMT) solution has a scalar moment
of M0  1:8 × 1022 N·m (Mw 8.8) for the mainshock and a
centroid location of 35.95° S, 73.15° W, 23 km depth. The
focal mechanism (strike 12°, dip 18°, and rake 112°) corre-
sponds to a N12°E striking thrust fault, with low-angle-
dipping plane consistent with the slab orientation. Coseismic
slip inversions show a bilateral rupture propagation and a
rupture length of ∼550 km along the Chilean forearc. Two
major slip patches north and south of the epicenter were re-
solved in coseismic slip inversions based on dense Global
Positioning System observations and Interferometric Syn-
thetic Aperture Radar data, where the peak slip was 16–20 m
in the northern patch and around 10 m in the southern patch
(e.g., Pollitz et al., 2011; Moreno et al., 2012). Although the
Maule earthquake triggered a devastating tsunami, which is
responsible for most of the fatalities of this earthquake (Fritz
et al., 2011), it is not a tsunami earthquake, as the magnitude
of the tsunami was approximately as expected for an earth-
quake with Mw 8.8. Four main tectonic features shape the
seismic characteristics of the upper plate along the Maule
region, which are the north–south-trending thrust ridge (be-
tween 35° S and 37° S; Geersen et al., 2011); possibly an
outcrop of a seismically active splay fault at least in the
northernmost part of the rupture (Lieser et al., 2014); the
Santa Maria fault (between ∼36° S and 37° S; Melnick et al.,
2012); the Lanalhue fault (Glodny et al., 2008), which is a
major northwest–southeast-trending crustal fault system (be-
tween ∼38° S and 39° S); and the extensional Pichilemu
aftershock cluster (Farías et al., 2010) in the overriding plate
crust northeast of the northern slip patch of the Maule 2010
earthquake.
In response to the Mw 8.8 Maule earthquake on 27
February 2010, Chilean and international partners (Incorpo-
rated Research Institutions for Seismology [IRIS], the Centro
Sismológico Nacional [CSN] at the University of Santiago,
Institut de Physique du Globe de Paris [IPGP], GeoFor-
schungsZentrum [GFZ], and University of Liverpool) in-
stalled a dense seismological network (International Maule
Aftershock Deployment [IMAD]), which covered the whole
length of the rupture zone between 32.5° S and 38.5° S (e.g.,
Beck et al., 2014). Figure 1 shows the changing number of
stations with time. This dense network is distributed over an
area of about 600 km × 300 km, extending beyond the rup-
ture area of the mainshock (Fig. 2). More than 160 seismic
stations were deployed, 130 of them equipped with broad-
band sensors, and the remaining ones with short-period sta-
tions. The IMAD network was operational from mid-March
2010. Prior to this date, the earthquake location information
used here is based on the Chilean catalog provided by the
CSN and the National Earthquake Information Center
(NEIC), which has a magnitude of completeness of 4.4 for
South America (Legrand et al., 2012).
The data from the IMAD network were used for several
studies of aftershock seismicity (Fig. 2). Catalogs based on
automatic picking and location algorithms were obtained by
Lange et al. (2012; ∼20;000 events in six months), Rietbrock
et al. (2012; ∼30;000 events in two months), and Hayes
et al. (2013; 2375 events in nine months). All studies find
that plate interface seismicity dominates the aftershock
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Figure 1. Temporal evolution of the aftershock sequence and International Maule Aftershock Deployment (IMAD) regional network
coverage. Continuous lines represent the number of available stations installed by different institutions (see color scale) between March
and October 2010. Gray dots represent 13,441 detected and located events, using at least 12 P phases from the local aftershock network
(Lange et al., 2012). The red, blue, and black stars denote the mainshock, aftershocks inverted with teleseismic data, and aftershocks inverted
with local network, respectively.
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sequence and occurs mostly at depths between 25 and 50 km
and distances to the trench between 50 and 160 km, with a
pronounced gap at 35–40 km depth and at 120–150 km
distance to the trench.
Two studies have carried out regional moment tensor
(RMT) inversions for the IMAD dataset. Agurto et al. (2012)
relocated 145 events from the Global CMT catalog in the
period February 2010–March 2012 and then carried out a full-
waveform RMT inversion with the software package ISOLated
Asperities (ISOLA) (Sokos and Zahradnik, 2008), obtaining
moment tensors (MTs) for 125 aftershocks. Using regional
waveforms and following the approach of Herrmann et al.
(2011), Hayes et al. (2013) determined MTs for 465 events.
In this study, we focus on source durations of the Maule
2010 aftershocks. We first derive MT solutions for a set of
strong aftershocks of the Maule 2010 earthquake. We se-
lected a subset of 56 events from the local catalog of Lange
et al. (2012), with magnitudes Mw >4, more than 12 P
phases per event, root mean square less than 0.6 s, and hypo-
center uncertainties less than 5 km. Focal mechanisms for the
earlier largest aftershocks (limited to the magnitude range
Mw 5.4–6.7) are obtained by the inversion of regional and
teleseismic data downloaded from GEOFON and the IRIS
Data Management Center, whereas events in the magnitude
range Mw 4.2–5.6 following the deployment of IMAD have
been studied using regional data only. We compare our sol-
utions with published MTs and the slab geometry, and then
further extend the inversion approach to obtain stable estima-
tions of the source duration.
Methodology
Source inversion is performed using the Kiwi tools soft-
ware (Cesca et al., 2010, see Data and Resources; Heimann,
2011). The Kiwi tools were previously used to investigate a
broad range of earthquake sources, including crustal and
deep earthquakes and natural and induced seismicity at lo-
cal, regional, and teleseismic distances (e.g., Cesca et al., 2010;
Buforn et al., 2011; Şen et al., 2013; Zhao et al., 2014). Two
different inversion procedures are adopted here, in consequence
of the very different observation conditions throughout the
aftershock sequence. The inversion MTs based on local net-
work data can only be performed on data after 17 March 2010,
when the aftershock network became operational (Fig. 1).
Larger events are studied during the whole sequence using tele-
seismic data and sparse regional data from permanent stations.
For the regional inversion, targeting earthquakes with
magnitudes Mw between 4.2 and 5.6 in the period 17 March
2010–25 August 2010, we adopt an automated multistep in-
version scheme (Cesca et al., 2010), which combines both
amplitude spectra and full-waveform time-domain inversions
in different steps. We used all available recordings from
broadband stations located up to a maximum epicentral dis-
tance of 300 km. Traces were visually inspected to remove
noisy data, and the control repeated upon the inversion to
remove poorly fitting traces until a desirable fit was achieved.
Synthetic seismograms and spectra are computed using the
layered 1D velocity model from Haberland et al. (2009) and
a reflectivity code (Wang, 1999). The inversion procedure is
initiated with the source locations and origin times from the
local catalog of Lange et al. (2012). The first inversion step is
performed in the frequency domain, by fitting full-waveform
amplitude spectra between 0.03 and 0.1 Hz to derive a pure
double-couple (DC) point-source model. Because this inver-
sion is not linear, the MT inversion is iteratively repeated for a
number of starting MT configurations, following a Leven-
berg–Marquardt approach and minimizing the L2 norm mis-
fit among the observed and synthetic amplitude spectra. As a
result of this inversion step, we obtain the strike, dip, rake,
centroid depth, and scalar moment. Uncertainties on point-
source parameters are retrieved upon a bootstrap approach,
by iterating the inversion and simulating different station
configurations. The centroid depth uncertainty, which is rel-
evant for the following discussion on the depth dependency
of rupture processes, was always below 6 km. The advantage
of the amplitude spectra inversion relies on its stability and
lower dependence on precise trace alignment, which results
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Figure 2. Distribution of events used in this study and the focal
mechanisms resulting from waveform and amplitude spectra inver-
sion (green, thrusts; red, normal; and blue, oblique or strike slip).
Triangles denote IMAD broadband stations. Orange circles indicate
aftershocks located with the IMAD network (locations from Lange
et al., 2012).
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in a more stable inversion of the DC component of the MT at
the cost of losing the phase information. To check for the
presence of non-DC MT components, we also inverted for
full MTs (for details, see Cesca et al., 2013). In general,
the full MT inversion reveals minor non-DC components (be-
low 30%), most likely related to seismic noise, asymmetry of
the network, and inaccuracy of the used 1D velocity model.
Even for the remaining 17 events, for which larger non-DC
components were obtained, the misfit improvement for the full
MT solution, in comparison to the corresponding DC one, is
not significant. The significance of the misfit improvement
from a DC to a full MT source in view of the different number
of free source parameters has been discussed in Cesca et al.
(2013) through the adoption of different statistical information
criteria. Upon these considerations, we consider our DC sol-
utions to be more reliable and do not further discuss the full
MT inversions.
Because of the intrinsic ambiguity of the amplitude in-
formation, the polarity of the fault cannot be resolved. How-
ever, the polarity is easily solved by comparing the synthetic
waveforms for both polarities with observed displacements.
Finally, we invert for rupture duration under a spatial point-
source assumption. A set of apparent durations, one for each
seismic station, is obtained by fixing the focal mechanism,
depth, and moment, as retrieved from the previous inversion
steps, and by carrying out a grid search for rupture duration.
The adopted moment rate function is a half-period cosine
function of variable duration. At each station, amplitude
spectra are fitted according to an L2 norm for a broader
frequency range, including higher frequencies up to 1.0 Hz,
which are needed to resolve short-duration variations due to
the finite-rupture process. We computed synthetic seismo-
grams for durations up to 8 s; prior tests with finite-source
synthetic data (Cesca et al., 2011) demonstrated that full-
waveform amplitude spectra below 1 Hz are still affected
by changes in durations below 1 s; our approach is thus able
to resolve durations of less than 1 s even when fitting
frequencies up to only 1.0 Hz. First, we used this approach
to estimate apparent durations at each station independently.
Then the event rupture duration is obtained as the mean value
of the apparent durations from all available stations. An ex-
ample of an inversion, including point-source parameters,
rupture duration, waveforms, and spectral fit, is shown in
Figure 3. The rupture-duration grid search result is discussed
further with the aid of Figure 4, which illustrates both the
misfit curves for different single stations as well as for the
whole dataset, when varying the rupture-duration parameter
only. For most stations, the misfit curves show a clear mini-
mum at the corresponding apparent durations. The difference
among synthetic spectra and waveforms when varying the
rupture duration is illustrated for a given station in Figure 4
(right) and highlights the significant improvement in
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Figure 3. Source parameters, spectra, and waveform fit after regional moment tensor (RMT) inversion (for the 23 April 2010, 10:03:06
UTC,Mw 5.5 event. (a) Summary of double-couple (DC) source parameters derived by the RMT inversion. (b) Epicentral location (star) and
apparent durations at different stations (circles; the color scale denotes apparent durations); the right plot illustrates the distribution of the
apparent source durations, used to derive the mean event duration. (c) Comparison of normalized amplitude spectra between observed (red)
and synthetic (black) data; the station information (epicentral distance in kilometers, azimuth, and components) is given on the left side.
(d) Comparison of full waveforms in the time domain, showing observed (red) and synthetic (black) normalized full waveforms (gray areas
denote the applied taper). Spectra and waveforms for only 4 out of the total of 20 stations used in the inversion are shown.
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matching the observed waveform and spectra when an opti-
mal rupture duration is chosen.
The lack of regional stations during the first days of the
aftershock sequence forced us to use teleseismic data to ana-
lyze early events. Moreover, the largest aftershocks saturated
most broadband recordings at regional distances and could
only be studied with teleseismic data. For this reason, the
inversion for MT solutions of the largest aftershocks (mag-
nitudes Mw 5.4–6.8) in the period of 27 February 2010–23
October 2010 (Fig. 1, blue stars) was performed using
regional and teleseismic data from permanent seismic broad-
band stations of different networks; waveform data and sta-
tion metadata were accessed from the IRIS data center and
converted to displacements. A station selection algorithm
named “adaptive station weighting” is used for the teleseis-
mic inversion (Heimann, 2011). The algorithm, which
selects 60 stations (a value chosen to have a robust inversion
within a reasonable time) within 100° maximal epicentral
distance, aims to achieve a homogeneous distribution of seis-
mic stations in terms of azimuths and epicentral distances.
Additionally, it reweighs the data such that stations at all dis-
tances contribute approximately equally to prevent close sta-
tions, where absolute amplitudes are much larger, from
dominating the inversion. However, rather than using a simple
distance-dependent factor, the algorithm calculates synthetic
seismograms for a number of representative sources and uses
equivalent windows to the actual inversion to determine the
weighting factor.
A different inversion scheme is used for the teleseismic
data compared with the regional approach described above. It
is still based on the Kiwi tools and combines frequency and
time-domain inversion but is especially tuned for the analysis
of larger events and the fitting of teleseismic records. The
first inversion step derives DC point-source parameters by
fitting amplitude spectra in the frequency domain. The result-
ing source-model configurations are then used in the follow-
ing time-domain inversion, where DC source parameters,
duration, centroid location, and centroid time are resolved.
Given the inverted parameters and the adoption of an L1
norm, the inversion step is also nonlinear. In this second step,
a gradient search method (Zhu et al., 1997) is used to mini-
mize the misfit between the observed and synthetics displace-
ment traces in the time domain. The combined frequency–
time-domain approach results in faster convergence with
respect to a pure time-domain inversion. Both inversion steps
optimize the fit of vertical P and transversal S phases. Data
windows have a length of 60 s around each phase, and wave-
forms are band-pass filtered between 0.01 and 0.05 Hz. The
inversion provides the following DC point-source model
parameters: strike, dip, rake, depth, moment, centroid, and du-
ration. For the duration inversion, a broader frequency range is
used, including frequencies of up to 0.25 Hz. Uncertainties on
all parameters are estimated using a bootstrap approach using
random subsets of the 60 chosen stations (see also Heimann,
2011). For example, the uncertainties in duration are the result
of the exploration of a 3D solution space, where duration, sca-
lar moment, and depth are perturbed while the remaining
source parameters are fixed (Fig. 5).
Results
We obtain 71 DC MTs and source durations for earth-
quakes with magnitudes betweenMw 4.0 and 6.5 (Ⓔ see Ta-
ble S1, available in the electronic supplement to this article).
Many of the regional inversions (56 solutions, Mw 4.0–6.1)
are characterized by asymmetric station distributions, with sta-
tions located on the Chilean mainland and epicenters located
mostly offshore or near the coast (Fig. 2). Consequently, the
azimuthal gaps for regional inversion using IMAD data vary
between 58° and 302°. We obtain 21 solutions based on tele-
seismic data for earthquakes withMw 5.4–6.5. The teleseismic
estimate for one of the events originally considered (27 Feb-
ruary 2010 23:02:02 UTC Mw 5.8) was found to have been
biased by interference from an event with a similar magnitude
in the Hindukush just ∼20 minutes later, and this event was
therefore excluded from further analysis. Six events could be
analyzed using both regional and teleseismic inversion ap-
proaches.We find that regional and teleseismic inversion results
are similar in terms of focal mechanisms, with differences never
exceeding 15°, using the Kagan angle as a measure of focal
mechanism similarity (Kagan, 1991) (Fig. 6), but nonnegligible
changes among estimated durations, with differences up to a
few seconds (the regional inversion durations are, on average,
57% shorter than the teleseismic inversion durations). Focal
mechanisms are thus equally well resolved by the regional
and teleseismic inversions. The duration inversion, however,
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Figure 4. (Left) Misfit curves for different stations and the event
shown in Figure 3 as a function of apparent source duration: the thick
black lines denote the misfit curve for station U04B (for which spec-
tra and waveforms are shown on the right), thin black lines are the
misfit curves for all other stations, and a thick dashed line denotes
the misfit curve when using all data. Circles indicate the misfits
for the reference station for durations of 0.4, 1.6, 2.8, and 4.0 s.
The best fit for the example station (blue circle) and, coincidentally,
for the whole network is found for a rupture duration of 1.6 s. (Right)
Comparison of amplitude spectra (top) and waveforms (bottom) at
U04B, showing observed data (red line) and synthetics for different
rupture durations (black lines for durations of 0.4, 2.8, and 4.0 s, and
blue line for the best rupture duration of 1.6 s).
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should be better resolved by the fitting procedure of the
regional data, which considers higher frequencies. Therefore,
we do not use any further the teleseismic inversion results for
the six events for which both inversion setups were tested and,
instead, only present the regional solutions in theⒺ electronic
supplement and in Figures 2, 7, and 8. Also, we did not in-
clude the Maule mainshock or its largest aftershocks because,
for events withMw >∼7, it can no longer be assumed that the
source can be represented by a spatial point source, as required
by our inversion approach.
The centroid depths for the selected events vary between
5 and 65 km depth, with an average depth of 20 km. Most of
the events (78%) have a thrust mechanism, whereas the re-
maining ones show normal or oblique normal focal mecha-
nisms. Thrust mechanisms are distributed along the rupture
area of the Maule 2010 mainshock. Most of the normal fault
mechanisms occur in the continental crust of the overriding
plate (source depths of less than 25 km) in the Pichilemu
area, at about 34°–34.5° S. The observation of normal fault
mechanisms in the forearc in the Pichilemu area was already
described in dedicated publications by Farías et al. (2010)
and Ryder et al. (2012). One normal-faulting event in our
dataset occurred in the outer rise offshore the northern rup-
ture patch, and there are also some normal-faulting events at
the southern limit of the rupture zone, which appears to in-
clude events both in the upper and lower plates (with depths
between 13 and 39 km).
Discussion
Comparison with Other Catalogs
We evaluate the consistency of our focal mechanisms
with published DC solutions in the region of the Maule
2010 earthquake (Agurto et al., 2012; Hayes et al., 2013). For
our dataset of 71 events, 43, 39, and 36 reference focal mecha-
nism solutions are available in the catalogs of Agurto et al.
(2012), Hayes et al. (2013), and Ekström et al. (2012) (Global
CMT), respectively. In Figure 6, the difference between the
catalogs is quantified using histograms of the Kagan angle
(Kagan, 1991, 1992). For most events, we find an acceptable
agreement, for example, with median values of the Kagan an-
gles of about 20°, 28°, and 38°, when comparing to the results
of Agurto et al. (2012), Hayes et al. (2013), and to the Global
CMT catalog (Ekström et al., 2012) (Fig. 6). Differences
among estimated mechanisms can be explained by different
data, velocity models, and inversion algorithms used by differ-
ent authors. A more comprehensive agreement is found when
comparing our solutions with the slab geometry (Fig. 6d). Here,
the comparison is performed for the 63 thrust mechanisms, and
the Kagan angle is computed with respect to hypothetical pure
thrust mechanisms along planes oriented according to the slab
gradient at the epicentral location based on the SLAB1.0 model
(Hayes et al., 2012, see Data and Resources). This result sup-
ports the quality of our solutions, as well as those in Hayes et al.
(2013), because they both match well the geometry of the slab
Figure 5. Source parameters and waveform fit after teleseismic moment tensor inversion (for the 23 April 2010 10:03:06 UTC,Mw 5.5
event, same as in Figs. 3 and 4). (a) Focal mechanism and distribution of the broadband stations used in this study (triangles). (b) Distribution
of durations based on a bootstrap approach, used as an uncertainty measure. (c) Comparison of body-wave waveforms filtered with a 0.01–
01 Hz band pass (dashed black lines are observed data, red lines are synthetics) for vertical P (left column) and transversal S (right column)
waves for selected stations. The right panel shows epicentral distances and azimuths of those stations.
2474 A. T. Şen, S. Cesca, D. Lange, T. Dahm, F. Tilmann, and S. Heimann
structure, although they were derived for 1D velocity models
without any constraint based on the geometry of the slab struc-
ture. This result also suggests that most of the thrust earth-
quakes are indeed plate interface events.
Durations
To compare our findings with the larger events from a
global study, we merged the results from Bilek et al. (2004)
for Chile with the estimated parameters of our inversions
(Fig. 7). Because the procedures for measuring durations
employed by us are quite different from those of Bilek et al.,
only the trends of both datasets should be compared, not
absolute values. In Figure 7a, we plot the comparison between
scalar moment and duration and evaluate it in a logarithmic
scale plot. These results suggest a power law relationship
between these two parameters, in agreement with previous re-
sults by Bilek et al. (2004) and theoretical expectations based
on source scaling (see the Introduction and Kanamori and An-
derson, 1975). Following Bilek et al.’s approach, NSDs are
calculated by dividing the obtained absolute source duration
by the cube root of moment, introducing a normalization con-
stant appropriate for a reference magnitude (Mw 6 equivalent
M0  1:16 × 1018 N·m). The comparison of scalar moments
and NSDs appears to show some increment of the NSD with
the moment for the smaller events only. This means that larger
events in this area have comparatively longer duration with
respect to smaller ones and thus a higher stress drop or a lower
rupture velocity. However, this relationship saturates around
M0  1017 N·m and possibly reverses for very large magni-
tudes (M0 > 1018 N·m). Increasing stress drops with decreas-
ing earthquake size were inferred for very small repeating
earthquakes along the San Andreas fault (Nadeau and John-
son, 1998), and the corresponding scaling law is routinely
assumed in the interpretation of repeating earthquakes in sub-
duction zones (e.g., Igarashi et al., 2003), but this relationship
has not been verified independently. The expected lack of
correlation between moment and depth is confirmed by the
scattered distribution in Figure 7c.
We focus on the relationship between depth and NSD,
which are clearly inversely correlated (Fig. 7d); shallow earth-
quakes tend to have longer durations, albeit with much scatter,
confirming similar observations by Bilek and Lay (1999) and
Bilek et al. (2004). In detail, shorter duration earthquakes
(with NSD < 5 s) occur across the whole depth range of
10–50 km, whereas the maximum NSD drops significantly
for increasing depth, with all events with NSD > 5 s shallower
than 30 km and those with NSD > 10 s shallower than 20 km.
Both regional and teleseismic inversions show this trend inde-
pendently; and, in Figure 7d, the areas occupied by NSDs
derived from both types of inversion overlap to a large extent,
such that there is no reason to suspect any systematic bias
between both modeling approaches. Our results thus success-
fully extend the previous finding by Bilek et al. (2004) to a
much broader magnitude range by including moderate-mag-
nitude earthquakes down toMw 4. Compared to the durations
estimated by Bilek et al. (2004) for Chilean earthquakes dur-
ing the 1990s (plotted as stars in Fig. 7), our estimated NSDs
show a similar trend but appear to be a little shorter on aver-
age. However, this difference probably does not relate to a
physical effect, but just reflects the different methodology. The
use of regional data allows the resolution of shorter durations,
though, and this might also be reflected in the fact that the
shortest NSDs (<2 s) are all based on the regional inversions
(Fig. 7d). The long NSDs for shallow events might indicate
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Figure 6. Comparison of DC inversion results with reference
solutions and the slab geometry, using Kagan angle metrics. The
comparison is performed against solutions by (a) Agurto et al.
(2012), (b) Hayes et al. (2012), (c) Global Centroid Moment Tensor
(CMT) catalog, and (d) pure thrust mechanisms oriented according
to the 3D slab model by Hayes et al. (2012).
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either unusually low stress drops (large rupture area, small dis-
placement) or low rupture velocity, or a combination of both.
As Byerlee’s law predicts lower absolute stresses for shallower
faulting, it is not unreasonable to assume that stress drops have
some depth dependency. Conversely, as explained in the Intro-
duction, a depth-dependent rupture velocity can also reason-
ably be assumed. In the following, we will further explore
these possibilities.
Normal-faulting events are strongly outnumbered by
thrust earthquakes in our dataset but nevertheless cover a sim-
ilar moment and depth range (Fig. 7c). However, the normal-
faulting NSDs tend to be at the lower end of the range of NSDs
for thrust earthquakes for a given depth (Fig. 7d), probably
because of the long-standing observation that the stress drops
of intraplate earthquakes are higher than those of interplate
earthquakes (Kanamori and Anderson, 1975). Admittedly the
real observable in most of these studies would also have been
duration, with the stress drops being inferred based on the as-
sumption of a constant rupture velocity, but larger stress drops
for intraplate earthquakes compared to interplate ones are also
observable for the largest earthquakes, where fault dimensions
and slip can be determined independently (e.g., Ammon et al.,
2008). Notably, the NSDs of normal-faulting events show a
very similar depth dependency to the overall dataset, that is,
shallower events have, on average, longer NSDs. Broadly
speaking, the slope of the quasilinear relationship between
depth and maximum NSD is similar to that of thrust earth-
quakes, just that it applies at generally shorter durations.
Coming back to the possible interpretations of the long
NSDs at shallow depths described in the Introduction, it
appears implausible that the special conditions (fluid flow,
entrained sediment, etc.) that were invoked to explain the
presence of an extended conditionally stable frictional re-
gime, and thus the unusually slow rupture on the megathrust,
apply in all the regions affected by intraplate normal faulting.
Yet these events show the same pronounced increase of NSD
with decreasing depth. Furthermore, propagation of earth-
quake rupture into those parts of the fault area that are in the
conditionally stable regime should only be possible for large
earthquakes able to trigger instability within this regime.
Nevertheless, our extended dataset, which includes events
down to Mw 4.0, shows the same pattern of long NSDs for
shallow earthquakes. This is still true even when just consid-
ering the subset of durations estimated from the regional in-
versions, which mostly consists of smaller events. Overall, this
points to simple variation of rigidity with depth, as already
proposed in Bilek and Lay (1999) as the main reason for the
observed pattern, maybe making unnecessary the more com-
plicated explanations advanced in Bilek and Lay (2002)
and Bilek et al. (2004). On the other hand, in our dataset
NSDs > ∼5 s have only been measured for earthquakes with
M0 > 1016 N·m (Mw >4:6, Fig. 7b), and the required jump
in shear-wave velocity, which should be proportional to
1=NSD (equation 1), by a factor of 3–4 from 50 to 15 km depth
is too large to be realistic. Therefore, a systematic depth
dependency of either stress drop or the ratio f, which governs
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the ratio of rupture velocity to ambient shear-wave speed, must
also contribute to the observed pattern. The apparent weak but
systematic relationship between NSD and moment for smaller
earthquakes could either result from a systematic stress-drop
dependence on earthquake size as mentioned above—this is
our preferred interpretation— or indeed anMw of around 4.5
represents the critical earthquake size that still allows (slow)
propagation into the conditionally stable regime. Of course,
this critical magnitude will depend on many details, such as
the degree and scale of heterogeneity of rate–state parameters
along the fault surface. A further exploration of these ques-
tions is beyond the scope of this work and would require, on
one hand, friction law-based earthquake cycle simulations to
better understand earthquake propagation into stable and
conditionally stable parts of the fault and, on the other hand,
independent estimates of rupture sizes of moderate earthquakes
from either high-resolution relocations of their aftershock
series or the extension of finite-fault modeling or backprojec-
tion techniques to moderate-size earthquakes. The seismologi-
cal approaches are technically challenging and require dense
local networks or multiple small-scale arrays. Any explanation
put forward must not only apply to the megathrust, but also
apply equally well to intraplate earthquakes.
A surprising result is the variability of NSDs over nearly
an order of magnitude at any given depth; this is true in
particular for the shallower depths. This variability is unlikely
to have arisen from uncertainties in the duration or depth
estimates (<6 km for depth, and typically less than 25% for
duration), but instead most likely reflects a combination of
heterogeneity of shear-wave velocity, different rupture styles
(unilateral versus circular or bilateral), lateral or event-specific
variability in stress drops or velocity ratio f, and the contrast
between interplate and intraplate earthquakes. Some of the
thrust earthquakes are likely to be intraplate earthquakes, for
example, on splay faults as identified by Lieser et al. (2014),
or in the downgoing plate, as proposed for some thrust earth-
quakes in the southern part of the rupture area by Hayes et al.
(2013); without a detailed study these are hard to distinguish
from plate interface events.
The spatial distribution of the long NSDs (Fig. 8) indi-
cates that they are distributed along the strike of the rupture
zone and not concentrated in any particular area. Of course,
because most of the thrust earthquakes are located along the
dipping slab, depth is strongly correlated with distance to the
trench, and the plot of NSD versus distance to the trench
(Fig. 7e) essentially reflects the NSD versus depth relation-
ship. However, because the normal-faulting earthquakes are
intraplate earthquakes, the distance to the trench is essen-
tially uncorrelated to depth; and, accordingly, no obvious
correlation between NSD and distance to the trench is iden-
tifiable for this type of earthquake, confirming that the varia-
tion of NSD is indeed real and related to earthquake depth
and not, for example, an artifact of the back-azimuthal cover-
age, which for offshore events is naturally correlated with the
distance to the trench in the regional inversions.
Conclusion
We provide DC MT solutions and durations for 71 after-
shocks of the 2010 Maule earthquakes, where we have com-
bined regional and teleseismic data to cover the whole
aftershock sequence in the magnitude range between Mw 4.0
and 6.8. Focal mechanism solutions indicate that the majority
of these earthquakes occurred on thrust faults, with focal
mechanisms similar to the mainshock; a few localized normal-
faulting solutions are associated with crustal faults, the outer
rise, and possibly the downgoing plate. The consistency of our
solutions with those published in previous studies has been
confirmed based on the analysis of focal mechanism similar-
ities, using the Kagan angle (Kagan, 1991, 1992) as a metric.
Following a similar approach, we find the fault planes of thrust
focal mechanisms to align with the local orientation of a 3D
model of the slab (Hayes et al., 2012), suggesting a plate inter-
face origin for most of them. The combined interpretation of
focal mechanisms and source durations was used to verify that
the negative correlation between NSD and depth, first pro-
posed by Bilek and Lay (1999) for teleseismically recorded
earthquakes, remains valid for weaker earthquakes down to
Mw 4 and is observable along a single segment of the
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subduction zone using the aftershock sequence of a single
earthquake, the Maule 2010 event. Notably, although the
normal-faulting earthquakes in our dataset tend to have shorter
NSDs than the thrust earthquakes at the same depth, they
follow a similar dependency of NSD on earthquake depth.
We interpret these observation as an indication that depth-
dependent variation of NSDs more likely results from varia-
tions of rigidity and stress drop than from special frictional
conditions along the megathrust, but a definitive conclusion
cannot be based on the NSD-versus-depth pattern alone and
requires independent constraints on the slip and fault dimen-
sions of moderate-sized earthquakes.
Whereas the inferred rigidity at shallow depth would
certainly enhance the magnitude of any tsunami generated by
an earthquake of a given moment, following essentially the
reasoning in Bilek and Lay (1999), the usefulness of the NSDs
of Mw ∼ 6 earthquakes in identifying areas of the megathrust
prone to tsunami earthquakes is less clear, given that NSDs
of normal-faulting intraplate earthquakes have a similar depth
dependency. This leaves open the question whether tsunami
earthquakes are rare but, in principle, possible at all subduc-
tion zones or whether special conditions along the megathrust
are needed and such areas at increased risk of tsunami earth-
quakes could potentially be identified in advance.
Data and Resources
The regional data from the International Maule Aftershock
Deployment (IMAD) were provided by the Incorporated Re-
search Institutions for Seismology Data Management Center
and European Integrated Data Archive (International Federa-
tion of Digital Seismograph Networks codes 3A-2010-2012;
XS 2010-2011; XY 2010; ZE 2010-2011; virtual network code
IMAD). The Global Centroid Moment Tensor Project database
was searched using www.globalcmt.org/CMTsearch.html (last
accessed February 2014). The other earthquake catalogs were
provided from Agurto et al. (2012) and Hayes et al. (2013).
Source duration data from Bilek et al. (2004) used in Figure 7
are provided from Susan L. Bilek (personal comm., 2013). We
used Kiwi tools for inversion of all earthquake data in this
study between 2013 and 2014 (http://kinherd.org/; last ac-
cessed February 2014). We also used SLAB1.0 between 2013
and 2014 (http://earthquake.usgs.gov/data/slab/; last accessed
February 2014) to examine the dipping of the subducting plate
for the examined earthquake locations.
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